Examining the Influence of Histone Chaperones on Nuclear Size by Eckhardt, Seth
Examining	the	Influence	of	Histone	Chaperones	on	Nuclear	Size	
	
Seth	C.	Eckhardt	
Department	of	Molecular	Biology,	University	of	Wyoming,	Laramie,	WY,	82071	
seckhar1@uwyo.edu	
Advisor:	Dan	Levy	PhD	
	
Abstract	
Size	alterations	in	the	nucleus	have	been	visualized	by	pathologists	for	many	years	
to	diagnose	and	prognose	cancer.	Nuclear	size	and	morphology	aberrations	are	also	
common	in	numerous	diseases.	However,	it	is	unknown	whether	altered	nuclear	
size	is	the	result	or	cause	of	pathogenesis.	How	the	size	of	the	nucleus	is	regulated	is	
a	fundamental	cell	biological	question.	A	better	understanding	of	the	mechanisms	
that	govern	nuclear	size	regulation	could	elucidate	novel	therapeutics	for	cancer	
and	disease.	Here	we	review	the	structures	that	constitute	the	nucleus	and	delve	
into	some	of	the	mechanisms	and	components	known	to	be	correlated	with	nuclear	
size.		Some	of	the	regulators	that	will	be	covered	include	nuclear	lamins,	the	
endoplasmic	reticulum,	cell	size	and	ploidy,	chromatin	condensation	and	
nucleocytoplasmic	transport.	After	discussing	each	constituent,	examples	are	
provided	to	highlight	their	implication	in	various	types	of	cancer.	We	will	then	
discuss	the	use	of	Xenopus	laevis	egg	extracts	to	illuminate	cellular	scaling	
mechanisms	and	the	recent	discovery	of	a	histone	chaperone	as	a	putative	nuclear	
size	effector.	This	research	leads	into	the	implementation	of	an	experimental	study	
to	determine	if	another	histone	chaperone,	nuclear	autoantigenic	sperm	protein,	
also	affects	nuclear	size.	
Introduction	
	 The	nucleus,	commonly	referred	to	as	the	control	center	of	the	cell,	is	the	largest	
organelle.	Most	eukaryotic	cells	enclose	a	single	nucleus	that	surrounds	and	protects	
deoxyribonucleic	acids	(DNA)	(Edens	et	al.,	2013).	There	are	two	lipid	bilayers,	an	inner	
and	outer	membrane,	that	compose	the	nuclear	envelope	(NE).	The	endoplasmic	reticulum	
(ER)	is	continuous	with	the	outer	nuclear	membrane	(ONM),	and	the	inner	nuclear	
membrane	(INM)	is	internally	lined	by	intermediate	lamin	filaments	that	constitute	the	
nuclear	lamina.	This	layer	contributes	to	the	nucleus’	mechanical	strength	and	is	critical	for	
the	DNA’s	organization	(Jevtić	et	al.,	2016).	Nuclear	pore	complexes	(NPCs)	connect	the	
ONM	to	the	INM	and	form	selective	channels	to	control	trafficking	between	the	cytoplasm	
and	nucleoplasm.	Nucleoporins	(Nups)	are	the	proteins	that	compose	the	NPC.	They	allow	
small	molecules	to	freely	diffuse	through	and	limit	the	movement	of	macromolecules	by	
occluding	the	center	of	the	pore	(Fernandez-Martinez	and	Rout,	2009).	
Nucleocytoplasmic	Import	and	Export	
	 The	major	pathways	that	mediate	nuclear	import	and	export	from	the	nucleus	
utilize	Ran,	a	Ras-like	small	GTPase.	For	both	of	these	cycles	to	occur,	Ran-GDP	is	cycled	
into	the	nucleus	via	its	own	exclusive	pathway	and	a	guanine	nucleotide	exchange	factor	
generates	Ran-GTP,	ensuring	unidirectionality.	In	a	simplified	fashion,	an	importin	binds	to	
a	protein	with	a	nuclear	localization	signal	and	is	shuttled	through	an	NPC	where	it	is	
bound	by	Ran-GTP.	This	action	causes	the	importin	to	release	its	cargo	and	is	
concomitantly	recycled	to	the	cytoplasm	where	the	Ran-GTP	is	hydrolyzed	to	Ran-GDP,	
allowing	the	process	to	occur	again.	As	far	as	export,	an	exportin	in	the	nucleoplasm	binds	
to	Ran-GTP	and	a	protein	with	a	nuclear	export	signal.	The	exportin	is	transported	to	the	
cytoplasm	through	an	NPC	where	Ran	hydrolysis	causes	the	cargo	to	be	released	allowing	
the	exportin	to	re-enter	the	nucleus	(Edens	et	al.,	2013;	Levy	and	Heald,	2010).	
Histone	Chaperones	
	 Genomic	DNA	in	eukaryotes	is	packaged	into	a	structure	known	as	chromatin.	The	
nucleosome	is	the	repeating	unit	of	chromatin	and	consists	of	~147	nucleotide	base	pairs	
coiled	around	a	histone	octamer	(Wang	et	al.,	2008).	The	four	core	or	nucleosomal	histones	
are	H2A,	H2B,	H3,	and	H4.	There	is	also	a	single	linker	histone,	H1.	The	core	histones	have	
an	N	terminal	tail	domain	that	is	the	site	of	post-translational	modifications	and	regulates	
chromatin	dynamics	(Loyola	and	Almouzni,	2004).	Histones	must	be	assembled	and	
disassembled	onto	DNA	countless	times	throughout	a	cell’s	lifespan,	such	as	during	DNA	
synthesis,	recombination,	repair,	and	transcription	(Finn	et	al.,	2008).	Numerous	families	of	
histone	chaperones	mediate	this	exchange	by	binding	to	their	respective	histones,	
transporting	them	into	the	nucleus,	and	assisting	with	nucleosome	assembly.		Two	histone	
chaperone	families	of	interest	include	nucleoplasmin	and	N1/N2.	Nucleoplasmin	and	
N1/N2	contribute	to	the	storage	of	H2A/H2B	and	H3/H4	in	Xenopus	respectively	(Loyola	
and	Almouzni,	2004).	Mammalian	cells	contain	an	N1/N2	homolog	named	nuclear	
autoantigenic	sperm	protein	(NASP),	which	is	responsible	for	transporting	and	exchanging	
linker	histones	onto	chromatin	(Finn	et	al.,	2008).	
Regulators	of	Nuclear	Size	and	Scaling	Models	
	 Although	our	understanding	of	cell	size	is	relatively	advanced,	organelle	size	
regulation	is	largely	unexplored.	The	size	of	organelles	typically	correlates	with	cell	size.	
Larger	cells	contain	proportionally	larger	organelles,	which	is	referred	to	as	scaling.	There	
are	three	non-mutually	exclusive	models	to	describe	this	occurrence.	The	first	refers	to	the	
available	pool	of	cytoplasmic	components	limiting	the	quantity	or	size	of	organelles	
produced.	Whereas	the	second	describes	a	situation	in	which	the	equilibrium	between	
assembly	and	disassembly	rates	may	be	the	major	contributor.	The	final	model	states	that	
organelle	growth	may	be	regulated	by	feedback	based	on	size	or	output	(Jevtić	and	Levy,	
2014).	
Nuclear	Lamins	
	 Nuclear	lamina	dynamics	play	an	important	role	in	regulating	NE	growth.	This	
structure	lines	the	INM	and	supplements	many	nuclear	mechanisms.	Four	developmentally	
regulated	lamin	isoforms	interact	to	establish	the	higher-order	intermediate	protein	
meshwork	(Vuković	et	al.,	2016).	Nuclear	lamina	redistribution	and	construction	has	many	
implications	for	nuclear	size.	Removal	of	lamins	via	phosphorylation	by	conventional	
protein	kinase	C	results	in	nuclear	size	reduction.	Altered	expression	and	depletion	of	
lamins	also	correlate	with	nuclear	size	aberrations	(Edens	and	Levy,	2014).	Studies	have	
shown	that	there	is	an	association	between	unusual	lamin	expression	or	localization	and	
abnormal	nuclear	size.	Many	cancers	display	this	phenomenon.	In	terms	of	expression,	
certain	lamins	and	their	associated	proteins	are	overexpressed	in	prostate	cancer,	
colorectal	adenocarcinoma,	and	small-cell	lung	carcinoma	(Mukherjee	et	al.,	2016).	
Endoplasmic	Reticulum	
	 The	ER	is	an	interconnected	lipid	bilayer	composed	of	tubules	and	sheets	
continuous	with	the	ONM.	This	organelle	also	plays	an	important	role	in	regulating	certain	
aspects	of	nuclear	size	and	shape.	Nuclear	growth	requires	an	intact	ER	network.	For	this	
reason,	mechanical	stress	and	the	absence	of	proteins	required	for	network	maintenance	
inhibit	nuclear	expansion	(Mukherjee	et	al.,	2016).	It	has	also	been	determined	that	the	
proportion	of	tubules	in	comparison	to	sheets	is	shown	to	promote	stark	alterations	in	NE	
surface	area.	Reticulons	contribute	to	the	formation	of	tubules	via	the	insertion	of	a	
hydrophobic	wedge	and	an	increase	or	decrease	in	their	expression	has	been	shown	to	
concomitantly	affect	the	size	of	the	nucleus.	There	are	also	cases	of	oncogenesis	involving	
individual	ER	proteins.	Specific	reticulons	are	overexpressed	in	numerous	cancers,	such	as	
neuroendocrine	tumors,	gliomas,	and	pancreatic	carcinomas	(Mukherjee	et	al.,	2016).	
Cell	Size	and	Ploidy	
	 Many	studies	have	shown	that	there	is	a	strong	correlation	between	nuclear	growth	
and	cell	size.	This	phenomenon	termed	the	N/C	volume	ratio	is	tightly	regulated.	
Experiments	performed	in	fission	yeast,	S.	pombe,	displayed	a	constant	N/C	ratio	over	a	35-
fold	difference	in	cell	size.	When	the	amount	of	available	cytoplasm	was	either	increased	or	
decreased,	there	was	a	rapid	expansion	to	maintain	the	N/C	ratio	whereas	nuclear	growth	
was	arrested	in	the	later	environment.	This	study	shows	that	nuclear	size	is	dependent	
upon	cell	size	and	not	vice	versa	(Neumann	and	Nurse,	2007).	Interestingly,	this	N/C	ratio	
is	often	disturbed	in	cancer	cells	(Vuković	et	al.,	2016).	
	 The	ploidy	of	a	cell	and	its	size	are	typically	linked	with	larger	cells	possessing	a	
higher	ploidy.	However,	ploidy	is	not	the	sole	determinant	of	nuclear	size.	In	the	same	
study	utilizing	S.	pombe,	ploidy	had	little	effect	on	nuclear	size	when	the	DNA	was	subjected	
to	a	16-fold	increase	(Neumann	and	Nurse,	2007).	
Nucleocytoplasmic	Transport	
	 Selective	nucleocytoplasmic	transport	and	NPCs	play	a	role	in	determining	nuclear	
size	and	morphology.	Protein	transport	between	the	nucleus	and	cytoplasm	involves	the	
trafficking	of	importins	and	exportins	through	NPCs.	Nups,	the	structural	components	of	
NPCs,	impact	nuclear	morphology	upon	differential	expression.	For	example,	nuclear	size	
increased	in	Xenopus	when	a	specific	Nup	was	depleted.	Additional	studies	in	Xenopus	have	
shown	that	NPC	density	and	nuclear	expansion	are	not	correlated.	Thus,	the	number	of	
NPCs	seems	to	have	less	of	a	contribution	to	nuclear	size	and	morphology	when	compared	
to	the	pore’s	assembly	(Mukherjee	et	al.,	2016).	Nuclear	size	is	also	impacted	by	the	loss	of	
linker	histones	resulting	in	nuclear	expansion.	However,	it	is	unclear	whether	this	
difference	is	due	to	altered	chromatin	compaction,	gene	expression,	or	both	(Mukherjee	et	
al.,	2016).	A	range	of	Nups	have	been	found	to	contribute	to	oncogenesis.	Specific	Nup	
expression	can	be	used	to	determine	tumor	growth	and	aggressiveness	in	ovarian	and	
breast	cancers.	Many	cases	of	altered	nucleocytoplasmic	transport	are	visualized	in	cancer	
cells.	In	breast	and	non-small	cell	lung	cancer,	importin	a	is	utilized	as	a	diagnostic	marker,	
as	any	alterations	in	its	expression	can	alter	the	presence	of	tumor	suppressors	and	
ultimately	results	in	unchecked	cell	cycle	progression	(Vuković	et	al.,	2016).		
Chromatin	Compaction	
	 As	previously	mentioned,	the	eukaryotic	genome	is	condensed	around	histones	into	
a	structure	termed	chromatin.	Each	chromosome	is	generally	contained	within	a	
chromosome	territory	but	does	not	occupy	a	fixed	position.	Chromosomes	with	numerous	
genes	are	typically	located	in	the	center	and	those	that	are	gene-poor	are	found	in	the	
periphery	of	the	nucleus	(Mukherjee	et	al.,	2016;	Vuković	et	al.,	2016).	Chromatin	
organization	may	be	influenced	by	nuclear	shape	and	volume.	Topologically	associated	
domains	(TAD)	are	chromosomal	regions	that	are	in	close	proximity	to	one	another	and	
include	regulatory	gene	sequences	such	as,	promoters,	enhancers,	and	insulators.	TAD	
interactions	are	altered	in	response	to	environmental	signals	and	development	raising	the	
question	of	how	nuclear	size	may	affect	their	organization.	Lamina-associated	domains	
(LAD)	are	located	near	the	periphery	of	the	NE.	Similar	to	other	chromatin	near	the	outside	
of	the	nucleus,	LADs	are	transcriptionally	silent	and	contain	repressive	histone	
modifications.	The	nuclear	lamins	contribute	to	the	regulation	of	chromatin	via	these	
interactions.	Additionally,	cytoplasmic	and	structural	components	supplement	chromatin	
structure.	Transport	factors	and	Nups	both	bind	to	transcriptionally	active	genes,	whereas	
the	absence	of	certain	Nups	disrupts	chromatin	localization	and	attachment	to	the	NPC	
(Mukherjee	et	al.,	2016).	
	 There	are	specific	types	of	cancer	that	have	been	shown	to	have	alterations	in	
chromatin	organization.	Repo-Man	(cell	division	cycle	associated	2)	contributes	to	
chromatin	remodeling	and	NE	assembly.	This	protein	is	frequently	overexpressed	and	
leads	to	genomic	instability	and	altered	gene	expression.	Some	examples	with	aberrant	
chromatin	organization	include	lung	cancer	and	adenocarcinomas,	which	are	also	
correlated	with	increased	chromatin	density	and	larger	nuclei	(Vuković	et	al.,	2016).	
Implication	in	Cancer	and	Disease	
	 Aberrations	in	cellular	
structure	are	commonly	used	by	
pathologists	to	diagnose	cancer.	Some	
alterations	have	been	visualized	so	
frequently	that	they	contribute	to	the	
determination	of	cancer	staging	and	
prognosis	(Zink	et	al.,	2004).	Nuclear	
size	expansion	has	been	utilized	as	an	
important	parameter	to	distinguish	
normal	from	cancerous	cells	(Figure	
1).	Although	it	is	unclear	whether	
tumor	development	is	a	consequence	
or	cause	of	nuclear	size	changes,	
histologically	normal	cells	in	the	area	
often	exhibit	enlarged	nuclei	(Jevtić	
and	Levy,	2014;	Vuković	et	al.,	2016). 	
	 Furthermore,	there	are	other	
diseases	caused	by	nuclear	protein	mutations.	Transformations	in	lamins	and	emerin	result	
in	morphology	changes	linked	with	muscular	dystrophy	and	laminopathies.	The	
laminopathy	title	comprises	more	than	450	diseases	caused	by	alterations	in	genes	
responsible	for	generating	proteins	of	the	nuclear	lamina	(Vuković	et	al.,	2016).	
Additionally,	defects	that	lead	to	inhibition	of	nuclear	import	are	associated	with	
amyotrophic	lateral	sclerosis	and	frontotemporal	dementia.	Some	alternative	examples	
include	the	human	immunodeficiency	virus,	which	utilizes	specific	Nups	to	integrate	itself	
into	transcriptionally	active	chromatin	located	in	the	periphery.	In	the	case	of	Chlamydia	
psittaci,	a	secreted	protein	integrates	into	the	NE	and	interacts	with	nuclear	proteins	
resulting	in	shape	alterations	(Mukherjee	et	al.,	2016).	Taken	together,	altered	nuclear	
morphology	is	associated	with	various	cancers	and	diseases.	Determining	methods	to	
either	reverse	or	correct	these	transformations	may	offer	innovative	treatments	to	address	
disease	linked	to	nuclear	size.	
Xenopus	laevis	cell-free	egg	extract	
	 X.	laevis	cell-free	egg	extracts	provide	a	robust	biochemical	system	to	study	various	
cellular	scaling	mechanisms.	Preparation	of	X.	laevis	egg	extract	has	been	thoroughly	
described	by	numerous	individuals	(Jevtić	et	al.,	2016).	Briefly,	gonadotropin	hormone	is	
injected	into	female	Xenopus	frogs.	This	results	in	the	production	of	eggs	that	are	washed	
and	centrifuged.	The	cytoplasm	contains	all	the	necessary	substrates	for	organelle	
assembly	and	is	collected	in	the	following	step.	The	egg	extracts	are	then	combined	with	
demembranated	Xenopus	sperm	chromatin	to	initiate	nuclear	assembly.	Recombinant	
proteins,	such	as	NASP,	can	be	added	directly	to	the	extract	and	the	addition	of	
fluorescently	labeled	proteins	delivers	a	method	to	observe	subcellular	structures	and	
organelles	(Chen	and	Levy,	2018).	
	 Nucleoplasmin	(Npm2),	a	histone	chaperone	responsible	for	transporting	core	
histones	and	contributing	to	their	assembly	onto	chromatin,	was	previously	discovered	as	
a	putative	nuclear	size	effector.	When	the	concentration	of	Npm2	was	increased	the	
nuclear	volume	increased	as	well.	However,	for	nuclear	size	alterations	to	occur	both	the	
nuclear	localization	signal	and	histone	binding	domains	must	be	functional.	Taken	
together,	this	data	suggests	that	nuclear	growth	activity	is	dependent	upon	import	and	
histone	chaperone	activity.	Chromatin	compaction	was	also	investigated	to	hypothesize	the	
mechanism	for	nuclear	size	regulation.	Nuclear	staining	helped	determine	that	an	increase	
in	histone	staining	intensity	correlated	with	more	condensed	chromatin.	Ultimately,	it	was	
proposed	that	Npm2	facilitates	nuclear	growth	via	increasing	nuclear	histone	levels	and	
chromatin	compaction	(Chen	et	al.,	2019).	
	 Considering	the	impact	of	Npm2	on	nuclear	size,	we	decided	to	test	another	histone	
chaperone,	NASP.	The	plasmid	(pCMV-SPORT6)	containing	the	NASP	sequence	was	
transformed	into	DH5a	E.	coli.	A	restriction	digest	was	performed	at	the	SalI	and	NotI	sites,	
the	NASP	sequence	was	amplified	by	polymerase	chain	reaction,	and	sent	for	sequencing.	
After	successful	verification,	NASP	was	cloned	into	the	BamHI	HF	and	XhoI	sites	of	the	
expression	plasmid	(pET30a)	and	expressed	with	six	C-terminal	histidine	tags.	The	new	
plasmid	containing	NASP	was	then	transformed	into	BL21	E.	coli	for	protein	expression.	
The	bacteria	were	grown	to	an	optical	density	of	600nm	and	induced	with	1mM	IPTG.	After	
a	freeze-thaw	cycle,	the	culture	was	disrupted	via	sonication.	The	recombinant	NASP	
protein	was	eluted	from	Ni-NTA	with	imidazole	(Chen	et	al.,	2019;	Görlich	et	al.,	1994).	X.	
laevis	cell-free	egg	extract	was	fertilized	with	demembranated	X.	laevis	sperm	and	provided	
45	minutes	to	assemble	before	a	range	of	NASP	concentrations	were	added.	We	know	that	
Npm2	displayed	an	increase	in	nuclear	size	at	3.5µM,	so	we	decided	to	start	with	this	
concentration.	We	also	titrated	the	amount	of	protein	added	to	test	higher	and	lower	
concentrations	as	well.	Following	assembly,	green	fluorescent	protein	containing	a	nuclear	
localization	signal	was	added.	The	solution	was	separated	and	subjected	to	various	
concentrations	of	NASP.	60	minutes	later,	nuclear	fix	was	added	(Chen	and	Levy,	2018),	
and	the	nuclei	were	spun	down	onto	circular	coverslips.	The	coverslips	were	incubated	
with	a	monoclonal	antibody	(mAb414)	to	tag	the	NPCs	and	Hoechst	to	label	the	chromatin.	
Wide-field	microscopy	was	utilized	to	image	nuclei	on	each	of	the	coverslips	and	image	
analysis	was	performed	using	Metamorph	software	(Chen	et	al.,	2019).	
Results	
	 To	determine	
whether	NASP	levels	
affect	nuclear	size	in	
vitro,	we	added	NASP	at	
3.5µM,	6.09µM,	and	
8.7µM	to	X.	laevis	egg	
extract.	The	nuclei	that	
demonstrated	robust	
nuclear	assembly	were	
selected	and	visualized	
with	mAb414	(Figure	2).	
Nuclear	size	quantification	results	indicated	that	there	was	not	a	significant	difference	in	
average	cross-sectional	area	between	control	nuclei	and	those	subjected	to	3.5µM	and	
6.09µM	NASP	(Figure	3).	However,	we	did	find	a	statistical	difference	between	the	control	
and	the	8.7µM	NASP	concentration	(P	=	.0036).	This	significance	is	not	marked	on	the	
graph	because	the	data	is	from	a	single	experiment	and	we	would	like	to	repeat	it	multiple	
times	to	develop	a	confident	conclusion. 	
	
Discussion	 	
Based	on	the	Metamorph	nuclear	size	quantification	results,	we	have	determined	that	
NASP	does	not	appear	to	be	a	nuclear	size	effector	in	X.	laevis	cell-free	egg	extract	at	lower	
concentrations.	Although	we	did	not	discover	a	significant	difference	in	total	nuclear	area,	
this	may	be	for	external	reasons	such	as	the	quality	of	the	egg	extract	and	proficiency	with	
conducting	these	experiments.	Since	we	did	find	a	statistical	difference	at	8.7µM	NASP,	
additional	experiments	will	help	to	elucidate	whether	or	not	nuclear	size	is	affected	at	this	
concentration.	Considering	Npm2	was	discovered	as	a	developmental	nuclear	size	scaling	
factor	in	stage	10-10.5	X.	laevis	embryos(Chen	et	al.,	2019),	it	may	be	worthwhile	to	also	
perform	microinjections	with	NASP	in	this	model.	Further	experimental	testing	will	help	to	
elucidate	whether	or	not	NASP	contributes	to	nuclear	size	alterations.	
	 We	also	tested	a	combination	of	the	histone	chaperones,	NASP	and	Npm2.	The	
COVID-19	pandemic	caused	the	University	of	Wyoming	to	put	policies	into	place	that	
restricted	undergraduate	research.	For	this	reason,	this	experiment	and	a	few	others	were	
not	able	to	be	sufficiently	repeated.	
	 Npm2	is	a	cargo	for	importin	a	and	it	was	determined	that	when	both	proteins	were	
included	there	was	an	additive	effect	that	increased	nuclear	size	more	than	Npm2	
alone(Chen	et	al.,	2019).	Interestingly,	NASP	can	transport	linker	histones	into	the	nucleus	
in	the	absence	of	cytoplasmic	factors	such	as	an	importin.	Based	on	this	observation,	
different	experimental	combinations	could	be	evaluated	to	include	NASP	in	combination	
with	another	protein.	Previous	studies	determined	that	the	presence	of	heat	shock	protein	
90	(HSP90)	significantly	increases	the	binding	of	H1	to	NASP	(Alekseev	et	al.,	2005).	There	
was	also	research	performed	that	found	that	NASP	can	bind	to	a	different	heat	shock	
protein	(HSPA2),	causing	an	increase	in	its	ATPase	activity.	This	data	demonstrates	that	
NASP	provides	a	functional	link	between	cell	cycle	progression	and	linker	histones	
(Alekseev	et	al.,	2009).	Future	experiments	may	help	to	elucidate	if	the	combination	of	
NASP	and	HSP90	or	HSPA2	could	alter	nuclear	size.	
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